Spectra o f flames of the three principal hydrocarbons-m ethane, ethylene and acetylene-and of com pounds found as interm ediate products in th e chem ical studies of their com bustion, nam ely, m ethyl alcohol, form aldehyde, formic acid, and acetaldehyde, have been exam ined. Owing to the universal interest o f the Bunsen flame and th e Meker burner, their spectra are also included. Spectra of other flames, useful for com parative purposes, such as ether, eth yl alcohol, etc., are also described.
The spectra can be conveniently described under three headings: (1) spectra of coal gas, methane, ethylene and acetylene; (2) spectra of compounds found by chemists as intermediate products in the oxidation of some of the main hydrocarbons; and (3) spectra of flames useful for comparative purposes.
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Spectra of flames of coal gas, methane, ethylene and acetylene
(1) Coal gas* (a) The Bunsen flame. To separate the cones a single piece of pyrex tube was mounted on a micro-burner. This tube had a short side tube which was left open to the atmosphere in the direction of the spectroscope, in order to permit observations in the ultra-violet. Under these conditions, the outer cone was pale blue, 2 cm. high, and the inner cone, about 1-5 cm. high, was bluish green.
The spectrum of the outer cone (plate 86) consisted of the HO bands and a weak continuous spectrum, superposed on which was an ill-defined banded structure. The latter assumed a well-defined form when the initial content of CO, which is usually mixed with coal gas to give more heat output, was removed by passing the gas through a solution of cuprous chloride in hydrochloric acid. The bands could then be recognized as identical with the CO flame bandsf (plate 8 a). The spectrum differed from th at of the hydrogen flame (plate 8 c) in that the latter gave a very weak continuous spectrum in the same region, stronger HO bands but of course no CO flame bands.
The spectrum of the inner cone consists of the Swan bands, the two CH bands and the HO bands which extend far into the ultra-violet. The A group of the hydrocarbon flame bands (HCO) is also present, faint and diffuse (plate 8e).
(6) The Meker burner. W ith less air, the inner cone was greenish, the C2 and CH bands were strong, HO moderate and HCO weak (plate 8/). With more air, C2 weakened as well as CH, HO became slightly stronger and HCO practically disappeared. In addition, a continuous spectrum became visible (plate 8 g). (c) Oxy-coal gas. In a two-way blowpipe, with oxygen blown through, the flame was elongated and the boundary between the two cones was not very distinct. The cones, however, were very bright and the exposure time correspondingly short. The outer cone gave a spectrum with the ill-defined banded structure of the CO flame bands. In the inner cone, the HO bands were very strong, CH moderate, C2 very weak, and the HCO diminished considerably in intensity. A continuous spectrum was also present (plate 8 h).These intensity changes are closely similar to those observed in the Meker burner with increased air supply.
In the above-mentioned blowpipe, coal gas did not mix with oxygen until the two met at the orifice. In a mixed jet blowpipe, where the gases mix beforehand, C2 and CH are strong, HO moderate, HCO faint and the continuous spectrum is absent (plate 8 i). Thus, the difference in the flames from the two forms of blowpipe consists mainly in the strengthening of the HO bands, weakening of the C2 bands and the appearance of a continuous spectrum in a two-way blowpipe.
(2)
Methane. Methane ordinarily burns with a smoky flame, but with an adequate supply of air the flame becomes non-luminous. The cones were separated as in the ethylene flame (Vaidya 1934) . The outer cone was pale blue about 4 cm. high and the inner cone was bluish green and 2 cm. high.
The spectra of both the cones were weak compared with those of the Bunsen flame. The outer cone gave a spectrum similar to th a t of the Bunsen flame, namely, CO flame bands and HO bands, while the spectrum of the inner cone included C2, CH and HO bands. The hydrocarbon flame bands of group A were faint (plate 9 c). Since some doubts have been ex pressed (Barrow, Pearson and Purcell 1939) as to whether these faint bands are the hydrocarbon flame bands, it can be definitely stated th a t the faint bands in the methane flame are identical with the hydrocarbon flame bands. It may be pointed out also th a t the same authors wrongly identify the bands in the ' cool flame ' spectra with those reported by Rassweiler and Withrow as occurring in the Bunsen flame, which, as we have seen, are really the hydrocarbon flame bands.
(3) Ethylene. The spectrum of the inner cone has been adequately described before. In the outer cone are found the CO flame bands and the HO bands. The C2 and CH bands also appear very faintly but they would disappear if the experimental conditions could be better controlled.
(4) Acetylene. W ith the flame separator acetylene readily separated but the cones were intensely white, giving a continuous spectrum only. The flame separator being therefore of no use, the gas was burnt in a mixed jet with compressed air. In the absence of air the gas burnt with a smoky flame giving a copious deposit of carbon, but with an increase in the air supply the flame became non-luminous giving a bright greenish inner cone.
The spectrum of the outer cone was similar to th a t of coal gas, methane and ethylene, namely, consisting of the CO flame bands and the HO bands (plate 8 d). The inner cone gave the HO, C2 and CH bands strongly. I t also gave some of the faint CH bands-the Raffety bands, the F ortrat bands and the A 3628 band. The hydrocarbon flame bands of group A were faint and diffuse (plate lOe).
Besides the above bands, the inner cone showed the violet system of CN and the y bands of NO. The occurrence of CN and NO is possibly associated with the high temperature of the flame (plate lOd).
Spectra of flames of intermediate products
(1) Formaldehyde. White powder of paraformaldehyde was placed in a wide pyrex tube, one end of which was drawn to a narrow neck and the other closed by a stopper. The tube was clamped in a nearly vertical position and, on heating, a copious supply of formaldehyde vapour was obtained which was ignited at the narrow end.
The flame has no luminous outer cone-it is intense blue resembling the CO flame. The spectrum consists of the CO flame bands and the HO bands only. The C2, CH and HCO bands are absent (plate 9 a).
(2) Formic acid. Formic acid was heated in the same tube as was used in formaldehyde. The temperature of the liquid had to be kept near but not at the boiling-point. Whenever boiling commenced the liquid spurted out violently and the flame was extinguished. The vapour was lighted at the narrow end and it burnt with a blue flame which could be kept steady by a careful regulation of the temperature of the pyrex tube. The flame was not so bright as the formaldehyde flame.
The spectrum was the same as th at of formaldehyde, namely, the CO flame spectrum, though much weaker.
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(3) Methyl alcohol. Methyl alcohol burning in a spirit lamp gave a blue flame without a luminous zone, the entire flame being deep blue. In the spectrum C2 and HCO bands were absent. The CO flame bands were prominent. The HO bands were also present and the CH band at A 4315 was rather faint (plate 96).
(4) Acetaldehyde. Acetaldehyde is a liquid of low boiling-point which burns readily. The spectrum was examined under conditions identical with those in formaldehyde by burning the liquid in the same pyrex tube. Unlike the formaldehyde flame, the acetaldehyde has a luminous outer cone. The inner cone gives the C2, CH and HO bands strongly and the A group of HCO bands faintly.
The inner cone was also examined when acetaldehyde was burnt in a micro-burner. A suitable mixture was obtained by bubbling a gentle current of air through acetaldehyde. The spectrum of the inner cone was similar to th at obtained in the wide tube except th at the continuous back ground was of greater intensity (plate 9/).
W. M. Vaidya

Spectra of flames for comparison
(1) Methyl chloride. This flame was studied in order to find out what change, if any, might be shown in the spectrum by the substitution of Cl for OH in methyl alcohol. To produce the flame, the vapour of methyl chloride obtained from a gas cylinder was passed over a dehydrating agent -fused lime-and ignited in a micro-burner, whose brass tube had to be heated initially in order to start the combustion. To make the flame steady a slow stream of oxygen was directed on the flame. The inner cone was deep green.
The spectrum is distinctly different from th a t of methyl alcohol in th a t the methyl chloride flame has C2 and A group of HCO bands, both of which are absent from methyl alcohol. The CO flame bands found in methyl alcohol are here absent. As in methyl alcohol, the HO and CH bands are present, the latter with greater intensity. The spectrum also includes the CN bands faintly at A 3883, A 3580, and A 3360, and the group of bands ascribed to CC1 (Asundi and Karim 1937) are also found (plate 10a).
(2) Chloroform and carbon tetrachloride. The flames were obtained by using the multiple jet burner. Through one series of jets flowed hydrogen and through the other was blown air charged with the vapours of the liquid under examination. To provide an adequate supply of vapour the liquids were heated to 50° C.
The spectra of both the flames include the C2, CH, HO and A and B bands of HCO. In the ultra-violet the CC1 bands can be recognized (plate 106, c).
(3) Ethyl alcohol. The flame was produced in two different ways: (1) a spirit lamp, and (2) a micro-burner. In the spirit lamp, the flame had a wide blue inner cone surrounding the wick and it gave the C2, CH, HO and A and B bands of HCO with moderate intensity. The outer cone was luminous.
To obtain alcohol vapour suitable for combustion in a micro-burner the liquid was heated in a flask to 60° C. A rapid current of air was bubbled through the hot alcohol, and the air charged with the vapour was led by a connecting brass tube to the micro-burner. To prevent condensation, the brass tube and the base of the burner were' kept warm. The flame was separated as in coal gas.
The CO flame bands and the HO bands constituted the spectrum of the pale blue outer cone, while the greenish blue inner cone gave the C2, CH, HO and A and B HCO bands as in the spirit lamp.
(4) Ether. In an ordinary spirit lamp, ether has a luminous outer cone which gives a continuous spectrum, while the blue inner zone surrounding the wick yields the C2, CH, and HO bands. The HCO bands of groups A and B occur with an intensity and sharpness greater than obtainable in any of the previous flames except ethylene (plate 9e).
For separating the cones, it was necessary to bubble air under small pressure through ether, which was surrounded by ice. W ithout ice, due to the volatile nature of ether, too rich a mixture was obtained, and this was unsuitable for separation of cones. The pale blue outer cone gave the CO flame bands and the HO bands. The spectrum of the inner cone was identical with th at obtained in the spirit lamp.
The spectrum of the inner cone of ether thus described has nothing in common with the 'cool flame' spectrum of ether which has now been identified with the fluorescent spectrum of formaldehyde.
I t is convenient to collect here (table 1) the above observations together with those given in the preceding paper, for it then becomes possible to draw certain conclusions as to the process of hydrocarbon combustion from the work viewed as a whole. Note. Different plates were used having regard to (i) the experimental difficulties in main taining flames for a length of time, and (ii) the spectral region which was being explored.
The figures in columns 2-6 give the relative intensities.
D i s c u s s i o n
The discussion can be conveniently divided into three sections: (1) mode of production of different radicals, (2) thermal decompositions, and (3) the nature of hydrocarbon combustion. We shall first consider the mechanism of production of the C2 radical. For this purpose, it is relevant to consider evidence from different sources in which the C-C bands appear.
In the experiments of Peters and Wagner (1931), on the formation of acetylene in the glow discharge, it was found that as the energy input and pressure were increased the CH bands appeared stronger until at a welldefined stage the conductivity of the gas increased enormously and the Swan bands appeared so strongly th a t the colour of the discharge changed abruptly from blue to yellow. The reactions in the glow discharge were represented as CH4-> C H^C 2H 2
In the flames of hydrocarbons burning in atomic hydrogen, Bonhoeffer and Harteck (1928) observed th a t a pale blue cone appeared first giving the CH band, and on increasing the quantity of hydrocarbon the colour changed to green yielding the Swan bands. For the production of the Swan bands it was suggested th a t of the two possibilities, (i) 2CH = C2H2 = C2 + H2, (ii) 2CH = C2 + H 2, the former was more likely. Examining data from hydrocarbon flames burning in air, we find th a t in the case of methane (Guenault 1935) the intensity of the C-C bands increases as the relative proportion of oxygen decreases. Similar conditions for the favourable production of C-C bands were found to hold good for the ethylene flame (Smith 1940) .
These results suggest the possibility of C-C being produced according to either of the two equations of Bonhoeffer and Harteck.
As is well known, the Swan bands show considerable intensity changes in the Meker burner on varying the air supply. W ith air holes fully open, the C-C bands and the CH bands diminish in intensity, the HCO bands practically disappear, whereas the HO bands become stronger. In addition, a continuous spectrum appears. Exactly similar intensity changes are observed in a two-way blowpipe-with oxygen blown through.
The chemical equations which have been suggested to account for the intensity changes in the Meker burner are those given by Bonhoeffer and Haber (1928) :
The continuous spectrum which appeared in both the above cases may be due to CO produced according to these equations, which receive further support if we compare the spectra of methane and methyl alcohol, where
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we find th at the introduction of an OH group has altered the spectrum considerably. With the presence of OH, the Swan bands have disappeared or at least very considerably weakened in methyl alcohol, whereas they appear with some intensity in methane. Due to the same cause, the CO flame bands occurred prominently in the methyl alcohol flame. These changes are possibly due to chemical reactions expressed by the above equations.
W. M. Vaidya
The emitter of the hydrocarbon flame bands
Since the author's original suggestion of HCO as the emitter, other observers have proposed HCHO (Kondratjew 1936), CH2 (Bell 1937) and the isomeric form of formaldehyde, HC-OH (Smith 1940). Kondratjew's proposal arose out of a misunderstanding which has since been cleared up by Withrow and Rassweiler (1938) and by the author (Vaidya 1939 ).
An emitter like CH2 seems unlikely because the CH2 frequenciesvx = 2970 cm.-1, v2 = 1444 cm.-1, and v3 = 3000 cm.-1-as determined from the Raman spectra and the infra-red spectra and confirmed by the theoretical calculations of Penney and Sutherland (1936) do not appear to be related to the vibrational frequency, o)"e = 1971 cm.-1, of the hydrocarbon flame bands. Whether the emitter is HCO or HC-OH it is difficult to decide with the evidence at present available. If HC-OH should prove to be the emitter, the flame of methyl alcohol would be of special interest, because it has been reported (Guenault 1936 (Guenault , 1937 th a t such a flame (rich mixture) yields the 'cool flame' bands and also the hydrocarbon flame bands to gether, which means th a t the two forms of formaldehyde are existing together in this flame.
Attention may be drawn to the fact th a t Withrow and Rassweiler (1938) have identified the hydrocarbon flame bands in the spectrum of the internal combustion engine, when run on benzene, petrol or iso-octane.
Since it is generally believed th a t thermal decompositions play a prominent part in flames, the results obtained from spectroscopic observa tions are compared below with what is known from chemical analyses.
Thermal decompositions
Formaldehyde. The vapour of formaldehyde has been found to decom pose into H2 and CO between the temperatures of 400 and 1125° C. The same conclusions can be drawn from the experiments of Kirkbride and Norrish (1931) who showed that on ultra-violet irradiation of formaldehyde vapour H2 and CO were obtained as if the decomposition took place according to the equation H2CO = H2 + CO.
The spectrum of formaldehyde points to a similar result because it consists of the CO flame bands and the HO bands only. A rich mixture, however, yields, in addition, traces of C2 and CH (Guenault 1937) , which suggests th at we should regard the major part only as decomposing according to the above equation.
Methyl alcohol. Bone and Davies (1904) , from their experiments on the thermal decomposition of methyl alcohol between 650 and 1000° C, are of the opinion th a t it takes place in three different w ays:
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(ii) CH3OH-> (HCHO + H2,
and (iii) the formation of CH4 by the coalescing of CH2 from (i) with H 2 from (ii).
The second method was found to be very prominent at temperatures about 1000° C. With regard to (i) the decomposition does not seem to stop at CH2 but appears to go further, giving CH which would account for the CH band in the spectrum. The spectroscopic evidence is in favour of (ii) because the spectrum of the flame has the CO flame bands and the HO bands. The existence of formaldehyde in the thermal decomposition products of methyl alcohol can also be concluded from the observations of Guenault (1936 Guenault ( , 1937 who found th at rich mixtures of methyl alcohol gave the ' cool flame ' bands which are known to be due to formaldehyde. Perhaps the thermal decomposition of methyl alcohol from a spectroscopic point of view might be represented by (i) CH3OH = CH + H2 + OH,
(ii) CHsOH-> |HCHO + H2, (CO + 2H2.
As the molecule becomes heavier, it becomes difficult to deduce its thermal decomposition from spectroscopic data.
Let us now consider the three main theories of hydrocarbon combustion in relation to these spectroscopic studies. In interpreting spectroscopic data a good deal of caution is necessary because of the possibility that although some of the radicals may actually be present they may escape detection by means of their emission spectra, either because the radicals are too few in number or because such spectra are not excited. Moreover, detailed spectroscopic observations similar to those on the chemical side are not available. There is also the uncertainty about the emitter of the hydrocarbon flame bands which occur so extensively in hydrocarbon flames. Nevertheless, certain broad facts stand out, and it seems worth while discussing them in an attempt to throw additional light on the process of hydrocarbon combustion.
The If methyl alcohol were an immediate product of oxidation of methane, then it would appear somewhat unlikely that so many differences between the spectra of the two would exist. It appears more probable, as suggested by Guenault (1936) , that there is another compound formed between CH4 and CH3OH.
The possibility of formaldehyde being the immediate oxidation product as assumed by the atomic chain theory appears less likely since the spectrum of formaldehyde consists normally of the CO flame bands and HO bands only, and this type of spectrum is more likely to appear at the end of the combustion process, as the spectra of outer cones, where com bustion is complete, indicate.
Further, it may be pointed out that methane and atomic oxygen do not give any flame. Objection to the assumption of an oxygen atom propa gating the chain has been taken by Ubbelohde (1935) 
and von Elbe and Lewis (1937).
It is not to be expected that in the present stage of this research, a com plete answer to all the complicated problems arising in hydrocarbon com bustion can be given, but the results achieved so far sufficiently indicate the importance of the spectroscopic approach to the study of hydrocarbon combustion.
In conclusion the author wishes to express his sense of deep gratitude to the late Professor A. Fowler, F.R.S., at whose suggestion the problem was undertaken and in whose laboratory at the Imperial College, London, most of the flames were studied. The author wishes to thank also Dr J. West, D.Sc., F.Inst.P., Professor of Physics, University of Rangoon, for providing further facilities. 
